Abstract-The important effects of saturation are outlined, and a simple first-order piecewise linear representation of the saturation characteristic that explains these effects in a simple, easy to understand manner, is presented. Machine properties explored include saturation effects on available torque per stator ampere, practical limits on available torque and torque linearity, and a general analysis of the influence of parameter variations (detuning) in adjustable flux systems. An experimental technique for evaluating the d-axis current level associated with peak torque per stator ampere in a saturated machine is also presented. The goal of this paper is to outline the important effects of saturation and to present a simple first-order piecewise linear representation of the saturation characteristic that explains these effects in a simple, easy to understand manner. The current-fed properties of induction machines and how these properties are employed when a field-oriented controller is used are first outlined (see [3] for a review of field-oriented control theory). The following section outlines a simple but demonstrably effective saturation model that allows direct noniterative estimation of machine properties, which are very close to those measured. The following sections then use the model to demonstrate and evaluate the effects of saturation on actual flux levels, maximum torque production, maximum torque per ampere squared, linearity of the torque response for detuned field-oriented
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The last section describes the details of an experimental machines. technique to determine the flux-producing current level from laboratory test data.
THE CONSTANT PARAMETER INDUCTION MACHINE MODEL General Model
The general model of a current-fed induction machine is obtained by combining the general rotor voltage and flux equations with the general torque production equation as follows. (The terms are defined in Appendix I).
For rotor voltage:
For rotor flux linkage:
For torque production:
The resulting current controlled torque equation for steadystate operation is
(4)
From these equations the resulting current-fed induction machine torque versus slip frequency characteristic is readily calculated and is shown in Fig. 1 . For consideration of saturation the rotor flux is a critical variable. For the nonsaturating constant parameter machine, it can be calculated from the rotor voltage (1) and flux linkage equations (2) and may be written as When plotted as in Fig. 2 The field-oriented control constraint for of flux and torque producing components of the stator current is x qdr ---jAdr.
(6)
Solving both the flux linkage and the torque equation with this constraint provides the following slip calculation function (slip relation):
Tr Adr
3 us=--lqs, equivalent torque production function: A PIECEWISE LINEAR SATURATION MODEL Experience and intuition suggest that large magnetizing currents will be required to create flux levels significantly larger than the nominal rated flux. Measurements on representative machines indicate that values in excess of 1.3 to 1.4
Machine Flux Characteristic with Saturation
For the constant parameter (nonsaturating) machine, rotor flux is a function of slip frequency, stator current amplitude, and machine parameters as shown in (5). If one incorporates the flux limited saturation model of Fig. 3 , the flux is limited to the saturation flux and the flux versus slip frequency characteristics will take on the form shown in Fig. 4 . This figure shows the linear flux characteristic (Fig. 2) with the flux limit as an overlay. The actual saturated flux curves will follow some intermediate path in a smooth fashion joining the linear characteristic to the flux limit as illustrated. times rated flux will require magnetizing currents of the order of two times rated current.
Machine Torque Characteristic with Saturation
Since such large magnetizing currents are clearly not useful in operation, a model that essentially limits the flux to a specific level, i.e., a flat flux versus current model, can be employed to demonstrate the primary effects of main flux saturation. Such a model gives very reasonable agreement with more exacting models of saturation [4]. For flux levels below this saturation flux, the magnetizing current can be taken as linear as shown in Fig. 3 . Note that the "chord slope magnetizing inductance" also illustrated in the figure will vary inversely proportional to the d-axis current for this saturation model.
The saturation flux limit also has a major influence on the torque characteristics of Fig. 1 . The nature of this effect is illustrated in Fig. 5 . Since a constant flux operating line on this figure is a radial line through the origin (a "field orientation line"), the saturation flux limit line can be viewed as a limit line of the saturated torque characteristics as shown in Fig. 5 . A torque production model conceptually based on the hard limit flux characteristic of Fig. 3 would follow the linear model torque curves for high slip frequencies and then abruptly switch to the straight-line saturated flux limit curve for small slip frequencies as illustrated by the rated current The curves of Fig. 5 illustrate the large reduction in torque which occurs as a result of main flux saturation. The significant increase in the slip frequency for peak torque is also shown. Note that a field orientation line close to the saturation line exhibits nearly optimal torque per stator ampere over a wide range of torque levels in the saturated case. These issues are explored in more detail in the next section.
Peak Torque Per Stator Ampere Investigation
The torque production equation for a properly functioning field-oriented induction machine is given by (8) . If the piecewise linear saturation model is applied to the rotor flux in this equation, it is possible to demonstrate some limiting issues for peak torque and alternate normalized measures such as peak torque per ampere or per ampere squared.
From (4) it is apparent that for a nonsaturating machine, the output torque will vary proportionally to the square of the stator current amplitude. For steady-state conditions Fig. 6 shows the torque as a function of the percentage of stator current that the torque command represents, as applied to the machine of Appendix I without saturation.
As expected, the torque envelope increases with the square of the current. For this case, the peak torque per stator ampere or per stator ampere squared always occurs at the value of iqs = 0.707 iqds, or equivalently, where iqs = ids. Fig. 7 shows the same field-oriented machine plots, but using the piecewise linear saturation model to estimate the actual rotor flux. These results are dramatically different from the percentage of torque producing current increases as stator current amplitude increases. This is consistent with the fact that little flux increase will occur with increases in the magnetizing component ih; thus the peak torque will be best achieved by putting most of the increased current level into the torque command. The data of Fig. 7 can also be normalized by division by either stator current amplitude or stator current amplitude squared. Fig. 8 shows the data normalized by stator current amplitude squared. This figure demonstrates how saturation reduces the torque response from the squared relationship to stator current, which held for nonsaturated conditions. It is readily apparent that the best condition is obtained just prior to the beginning of saturation. The torque per ampere squared is lower for any of the regions of saturated operation.
PARAMETER SENSITIVITY FOR DETUNED OPERATION
If the gain of the slip calculator (i.e., the rotor time constant) is incorrect, the decoupling of flux and torque is disturbed and the field-oriented controller is said to be detuned. The sensitivity of a given drive to various amounts of gain error depends on the machine parameters and hence on the level of magnetic saturation of the main flux paths in the machine. To illustrate the influence of saturation, a linear machine analysis is presented and the effects of saturation are examined as a parameter change in the linear model.
Field Orientation Torque Characteristics
A direct field orientation drive can be viewed as a controlled-current controlled slip frequency source supplying the induction motor. For field orientation, the flux and torque currents are orthogonal and are related to the stator current by the equation (magnitude relation) i:s+i2 9s =itds.
Substituting this result in (4) yields 3 P L 2 sur,
With the correct gain in the slip calculator the slip relation in the steady state is Field orientation torque characteristics for evaluation of slip gain error sensitivity. Fig. 9 .
If, however, the slip gain is incorrect such that Ids the desired cancellation of the nonlinear terms in (1 1) will not occur and the system exhibits detuned operation.
A very useful set of characteristic torque curves can be obtained by substituting (13) in the torque relation (1 1) and normalizing the result to yield where T The normalized torque TN can be interpreted as the torque in per unit based on the field-oriented torque that exists when iqs/ ids = 1.0.
The resulting torque characteristics are illustrated in Fig. 9 , where the normalized torque TN is plotted as a function of the gain error a. Since sur, = iqs/ih corresponds to field orientation, the vertical line at CY = 1 represents field-oriented operation. Note that along this line the torque is a linear function of iqs/ib. All other vertical lines represent detuned operation (a # 1) and the curves permit easy evaluation of the change in torque resulting from any specific slip gain error.
For example, for a (nonsaturating) machine operating with iqs/ids = 2.0 the torque reduction caused by operation with a slip gain error of 100% (a = 2) is 1.2/2.0 or 0.6. If the error is -50% (CY = 0.5) the detuned torque is 2 3 2 . 0 or 1.25 times larger than the field-oriented torque. The curves in Fig. 9 are also labeled to indicate the relative stator Z2R loss, which is proportional to 1 + This allows determination of the increase in stator Z2R loss caused by detuning. For the example given above, to bring the detuned torque of 1.2 for a 100% slip gain error back up to 2.0 requires increasing the value of iqs/ids to nearly 4.0. This will result in an increase in the stator Z2R loss by approximately 17/5, or about a factor of three. 
Field Orientation Flux Characteristics

General Properties of Detuning
The characteristic curves of Figs. 9 and 10 are universal and apply to any nonsaturating induction machine. For such machines the sensitivity to detuning is totally dependent on the ratio iqs/ib. Since the curves are universal, they can be used to state general conclusions concerning sensitivity to detuning . Such conclusions can be applied to compare different machines or the same machine under different operating conditions.
Examination of the curves shows that larger values of the iqs/ids result in larger torque loss (or gain) for any specific amount of detuning , larger changes in flux for any specific amount of detuning, larger changes in stator 12R loss to recover the normal field-oriented torque.
Clearly, operation at reduced values of iqs/ids results in much less sensitivity to detuned operation in all respects. One inmediate general conclusion is that large machines, which inherently have relatively lower values of magnetizing current, are inherently more sensitive to detuning than small machines. Also, since the magnetizing current for a given frame size increases with the number of poles, high pole number machines are inherently less sensitive to detuning .
Influence of Saturation
Because of the normalization employed in Figs. 9 and 10 the saturation characteristic of Fig. 3 is not readily incorporated into the analysis. However, qualitatively the saturation can be viewed as reducing the value of the equivalent magnetizing reactance and thus increasing the required magnetizing current. Since this has the effect of reducing the value of iqs/ids compared to the linear case, it is clear that saturation will always reduce the sensitivity to detuning. To a first approximation the sensitivity of a specific machine can be evaluated by using the chord slope magnetihg reactance shown in Fig.  3 and applying the curves in Figs. 9 and 10 .
A very important conclusion based on these results is that the sensitivity to detuning will become much greater for any given machine when it is operated in the field-weakening mode (constant horsepower). The change can be quite dramatic since the value of iqs/ids can change by a factor of four or more as the machine speed is increased to twice base speed. This is especially true in small machines that normally operate with iqs/idr near unity and may have very substantial saturation at rated flux. To illustrate this phenomenon, consider a machine which has iqs/idr = 1.0 at rated flux and torque and 4.0 at 50% flux (approximately twice rated speed). The effect of + 100% detuning at full flux would be a torque reduction to about 0.8 pu (a = 2, iqs/ids = 1.0 on Fig. 9 ) while at 50% flux the reduction would be to about 0.5 pu (a = 2, iqs/ids = 4.0 on Fig. 9 ). Note that the torque loss more than doubles under the field-weakened condition.
The influence of the hard saturation of Fig. 3 can be incorporated in Fig. 10 if the curve is viewed as having rated flux at field orientation. In this case the saturation will simply limit the flux for low values of a to the saturation flux as illustrated by the dashed line labeled "saturation limit" in the figure. Note that this implies that high values of iqs/ids cause a very rapid move to saturated conditions for negative slip gain errors.
Saturation Effects at Constant Flux Command
Saturation can have an influence on torque linearity and losses even when operating with a constant flux command. This occurs, for example, when the torque command is increased while holding the flux command fixed. The increased current in the stator actually results in higher values of stator and air gap flux, and hence the saturation level, even though the rotor flux command remains constant.
This change in saturation level is, however, to some extent self compensating for the following reason. The increased torque command results in higher air gap flux, more saturation and hence a somewhat lower value of magnetizing reactance. This would tend to cause a small reduction of the rotor flux if the flux command is constant. However, the reduced magnet- gain from izing inductance causes a slip gain error which tends to make the slip too small ( a < 1 ) . Since small slip detuning tends to cause an increase in rotor flux (see Fig. lo ), there is a tendency to compensate the flux error. As a result the field orientation torque characteristic tends to remain linear despite the detuning resulting from saturation. This is the basic reason why field orientation systems tend to exhibit good torque linearity even under highly saturated conditions.
EXPERIMENTAL DETERMINATION OF FLUX-PRODUCING CURRENT
An experimental procedure may be used for determining the flux producing stator current component i d . The procedure is especially well suited for cases where signal noise is present because it allows redundant points to be taken to improve convergence to unbiased estimates.
The procedure requires that the field-oriented controller be used as a variable slip converter (either with motor stalled or under load at speed). At least two torque versus slip curves must be acquired as shown in Fig. 11 . The data for Fig. 11 is experimental data taken on the motor cited in Appendix I1 using a field-oriented controller with the machine under stalled conditions. At least one of the curves should be at the rated (or converter limited) value of stator current amplitude. To determine, for example, the id component corresponding to the peak torque per ampere at rated current, a constant flux (straight) line from the origin to the peak of the rated current curve should be drawn as shown. The intersection of the line with all other curves will provide current amplitudes is, slip frequencies a,, and torques for each point. With this data the following equations may be formed:
and from the slip gain constraint:
These equations may be combined and rewritten as the following matrix equation:
To solve for K, and id requires only to perform a linear However, use of additional data points will improve the accuracy of the estimates as is true for any regression analysis.
CONCLUSION
Magnetic saturation plays an important role in fieldoriented induction machine drives. A simple piecewise linear ideal limiter model of saturation provides a useful tool for analysis of torque and flux production in indirect feedforward field-oriented induction machines. The model demonstrates the slow increase of rotor flux and thus diminishing electromagnetic torque production due to operation at flux command levels significantly above rated flux. Under saturation conditions the peak torque per stator ampere is best produced by increasing the torque producing current command's proportion of the total stator current. This is equivalent to stating that the magnetizing current should not be increased significantly due to its diminishing ability to increase rotor flux.
Lower relative torque production (lower T/ 1 iqs I 2 , will occur (and thus lower efficiency will result) if the machine is run with flux levels in the saturation region. An optimal flux command exists and is nearly constant over a wide range of torques. A set of generalized characteristic curves for detuned operation has been presented. These curves illustrate that the ratio &,/ids totally controls the sensitivity to detuning. Saturation tends to lower the ratio iq,/ids and therefore significantly reduces the sensitivity to detuning . Hence, field-weakened operation (constant horsepower) will exhibit greater sensitivity to detuning than normal constant torque operation. A simple experimental means of determining the magnetizing current for peak torque per ampere has been presented as a simple nonlinear regression analysis.
APPENDIX I
Parameter Definitions
oriented to the rotor flux, and are of the form All vector quantities are defined in a reference frame 
